The N-terminal pre-S domain of the large hepatitis B virus (HBV) envelope protein plays a pivotal role at the initial step of the viral entry pathway. In the present study, the entire pre-S domain was mapped for infectivity determinants, following a reverse-genetics approach and using in vitro infection assays with hepatitis delta virus (HDV) or HBV particles. The results demonstrate that lesions created within the N-terminal 75 amino acids of the pre-S region abrogate infectivity, whereas mutations between amino acids 76 and 113, overlapping the matrix domain, had no effect. In contrast to the results of a recent study (L. Stoeckl, A. Funk, A. Kopitzki, B. Brandenburg, S. Oess, H. Will, H. Sirma, and E. Hildt, Proc. Natl. Acad. Sci. 103:6730-6734, 2006), the deletion of a cell membrane translocation motif (TLM) located between amino acids 148 and 161 at the C terminus of pre-S2 did not interfere with the infectivity of the resulting HDV or HBV mutants. Furthermore, a series of large deletions overlapping the pre-S2 domain were compatible with infectivity, although the efficiency of infection was reduced when the deletions extended to the pre-S1 domain. Overall, the results demonstrate that the activity of the pre-S domain at viral entry solely depends on the integrity of its first 75 amino acids and thus excludes any function of the matrix domain or TLM.
Hepatitis B virus (HBV) is characterized by a narrow host range that reflects the specificity of interaction between envelope proteins and human hepatocyte receptors at viral entry (41) . The HBV envelope proteins designated large (L-HBsAg), middle (M-HBsAg), and small (S-HBsAg) are transmembrane glycoproteins that differ from each other in the sizes of their N-terminal ectodomains (22) . L-HBsAg contains an N-terminal pre-S1 domain, a central pre-S2 region, and a C-terminal S domain. M-HBsAg is composed of the pre-S2 and S domains ( Fig. 1) , and S-HBsAg consists of the S domain only. Envelope protein synthesis occurs at the endoplasmic reticulum membrane, and particles, mostly empty subviral particles (SVPs), assemble from aggregates at a pre-Golgi membrane. Envelopment of the HBV nucleocapsid requires the presence of LHBsAg (but not that of M-HBsAg) in addition to S-HBsAg (6) . L-HBsAg displays a dual-membrane topology: N-terminal pre-S (pre-S1 plus pre-S2) is either external (Le-HBsAg), at the surface of the particles, or internal (Li-HBsAg), facing the inner side of the particle (9, 35, 38) . Le-HBsAg is thought to assume a receptor-binding function at viral entry, and LiHBsAg is thought to serve as a matrix protein for HBV nucleocapsid envelopment (10, 29) . In addition to their propensity to form SVPs, the HBV envelope proteins can package the hepatitis delta virus (HDV) ribonucleoprotein (RNP) in the case of HBV-HDV coinfection (4, 47) . This interaction leads to the formation of HDV particles, which are infectious when L-HBsAg is included in the envelope (44) . L-HBsAg contains a major infectivity determinant in its pre-S1 domain, including a myristoyl anchor linked to glycine 2 (8, 20) , whereas a second determinant is likely to map to the antigenic loop (AGL) in the S domain of the HBV envelope proteins (24) . It is still unclear whether the AGL function at viral entry resides in binding to a coreceptor. Within pre-S1, the integrity of the first 77 residues is essential for HBV infectivity (29) . As suggested by a series of experiments, it appears that the N-terminal moiety of pre-S1 mediates attachment to the hepatocyte membrane. This attachment is inhibited by pre-S1-specific monoclonal antibodies that also exert neutralizing activity (23, 33, 34, 36, 37) . The pre-S1 binding function is also responsible for host range specificity (1, 12) , and more interestingly, pre-S1 receptor binding can be competed with synthetic peptides specific for the Nterminal 48 amino acids of pre-S1 (2, 17, 18) .
In this study, we sought to map the entire pre-S domain of L-HBsAg for the presence of infectivity determinants, because the region had not been fully explored in previous studies. It was clearly demonstrated by Le Seyec et al. (29) that internal deletions in the first 77 amino acids of pre-S1 had an adverse effect on infectivity, whereas mutations in the 78-to-87 sequence were tolerated. However, the matrix domain (amino acids 92 to 113) had not been examined because lesions in this domain would block the formation of HBV virions. Hence, the reverse-genetics analysis of the matrix domain activity at viral entry can be carried out only with the HDV model, since assembly of HDV virions is independent of an L-HBsAg matrix function (26, 47) . We also focused our attention on the C-terminal domain of pre-S2 because of conflicting information between two independent studies: the first study, conducted by Le Seyec et al. (30) , failed to identify any infectivity determinant in L-HBsAg pre-S2, whereas a second study by Stoeckl et al. (42) identified a pre-S2-specific cell membrane translocation motif (TLM) that the authors presented as crucial for HBV entry. Our results demonstrate that the pre-S functions in infectivity are borne essentially by the first 75 membrane. The membrane-bound RNA was hybridized to a 32 P-labeled RNA probe specific for genomic HDV RNA. Quantification of radioactive signals was achieved using a phosphorimager (BAS-1800 II; Fuji).
Detection of HBV DNA in the supernatant of transfected cells. HBV virions from clarified supernatants were immunoprecipitated with anti-pre-S1 antibodies by overnight incubation at 4°C (3), followed by incubation on ice for 2 h in the presence of 100 l of a Pansorbin suspension in PBS prepared as recommended by the manufacturer (Calbiochem). The Pansorbin was subjected to sedimentation by centrifugation at 13,000 rpm for 1 min, and the pellet was washed three times in cold PBS. Bound particles were disrupted in lysis buffer containing SDS and proteinase K (QIAamp DNA Mini Kit; QIAGEN). After incubation at 56°C for 10 min, followed by centrifugation for 1 min at 13,000 rpm, the supernatant was collected, and DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN). After DNA precipitation in the presence of ethanol and centrifugation, the pellet was resuspended in 10 mM Tris-HCl (pH 8.0), 1 mM EDTA and subjected to agarose gel electrophoresis, transfer to a positively charged nylon membrane (Roche), and hybridization to a 32 P-labeled RNA probe specific for negative-strand HBV DNA. Quantification of radioactive signals was achieved using a phosphorimager.
In vitro infection assays of HepaRG cells. HepaRG cells were maintained and differentiated as described previously (21) . For infection with HDV virions, clarified Huh-7 supernatants containing wt or mutant virions were used as inocula after normalization of their HDV RNA titers. HepaRG cells (3.3 ϫ 10 5 cells/20-mm-diameter well) were exposed to 10 8 genome equivalents (ge) of HDV virions for 16 h in the absence or presence of 5% polyethylene glycol (PEG) 8000 (Sigma). Cells were harvested at day 8 postinoculation in RLT buffer (QIAGEN). Total cellular RNA was purified using the Rneasy Mini Kit and tested for the presence of genomic or antigenomic HDV RNA as a marker of infection (3) . For infection with HBV virions, clarified supernatants containing wt or mutant virions at approximately 1.5 ϫ 10 7 ge/ml were concentrated by precipitation with PEG as described previously (21) . HepaRG cells (3.3 ϫ 10 5 cells/20-mm-diameter well) were exposed to HBV virions at a multiplicity of infection of 50 ge per cell for 16 h in the presence of 5% PEG. The cells were harvested at day 12 postinoculation in RLT buffer (QIAGEN), and total cellular RNA was purified using the Rneasy and Oligotex mRNA Mini Kits (QIAGEN). The purified mRNA was subjected to electrophoresis, transferred to a nylon membrane, and hybridized to a 32 P-labeled RNA probe specific for HBV mRNA. Quantification of radioactive signals was achieved using a phosphorimager.
In vitro infection assays of human primary hepatocyte cultures. Primary cultures of human hepatocytes were purchased from Biopredic Inc. (Rennes, France). The cells were obtained after isolation from residual human liver tissue that was not usable for liver transplantation (the donor patients were free of HBV). Three days postseeding, hepatocytes (2 ϫ 10 6 cells/12.5-cm 2 flask) were exposed to normalized amounts of wt or mutant HDV virions at a multiplicity of infection of 100 ge per cell for 16 h in the absence or presence of 5% PEG. Cells were harvested at day 9 postinoculation and disrupted in RLT buffer 
RESULTS
To study the functions of the HBV envelope protein at viral entry, we used an in vitro assay in which the envelope proteins were expressed at the surfaces of HDV virions and tested for their functions at viral entry on the HepaRG cell cultures. Production of infectious HDV virions was achieved in Huh-7 cells by cotransfection with a plasmid providing the HDV RNP and plasmids providing the S-and L-HBsAg envelope proteins; M-HBsAg was omitted because it is dispensable for morphogenesis and infectivity (7, 16, 45) . The infectivity of HDV particles was assayed by inoculation into susceptible HepaRG cells and measurement of the intracellular accumulation of HDV RNA at days 6 to 9 postinoculation. Since infections were nonproductive in the absence of the helper HBV, the level of intracellular viral RNA that accumulated in an infected cell was proportional to the HDV titer in the inoculum (3). The HDV-HepaRG system was utilized to examine the in vitro infectivities of HDV mutants that presented lesions in the pre-S domain of L-HBsAg. One infection assay was conducted on primary cultures of human hepatocytes, and for one particular L-HBsAg mutant bearing a deletion of the TLM (⌬TLM), the effects of the mutation were also analyzed at the surfaces of HBV virions.
The 76-to-109 amino acid sequence of pre-S1 is free of infectivity determinants. We first sought to precisely map the pre-S1 domain, including the matrix domain (residues 92 to 113), for determinants of infectivity (5, 30) . Because of its crucial role in HBV morphogenesis, the matrix domain had not been studied for implication in viral entry by a reverse-genetics analysis. Therefore, we took advantage of the HDV model because it lacked the requirement for the HBV matrix domain to assemble HDV virions. In addition, this analysis was expected to reveal whether pre-S1 determinants for HDV infectivity map exactly to those previously identified for HBV infectivity. For the production of wt and mutant particles coated with S-HBsAg and L-HBsAg (SL HDV particles), Huh-7 cells were cotransfected with pSVLD3, p123, and p124 or derivatives carrying sequential KL insertions/deletions between residues 10 and 111 as described in Materials and Methods. Because the very N terminus of L-HBsAg contains a myristoylation signal that is essential to infectivity (20) , deletions within the first 10 residues were not considered. Following transfection, culture supernatants were collected and tested for the presence of envelope proteins and HDV RNA. All insertions/deletions were permissive for the production of HDV particles in amounts sufficient for infectivity assays (Fig. 2) . The variations in envelope protein secretion between mutants paralleled those recorded for viral RNA, indicating that the ratio of SVPs to HDV virions was not affected by the mutations.
To assess the effects of mutations on infectivity, preparations of mutant HDV particles were normalized to approximately 10 8 ge/ml prior to inoculation into HepaRG cells in the presence of 5% PEG. Cells were harvested 9 days postinoculation and assayed for the presence of genomic and antigenomic HDV RNA. As shown in Fig. 3B , insertions/deletions in the 10-to-75 sequence of the pre-S1 domain were deleterious to HDV infectivity, whereas deletions in the 76-to-110 sequence were tolerated. These results clearly demonstrate the absence of an infectivity determinant in the pre-S1 domain that overlaps with the 92-to-113 sequence previously identified as the HBV matrix domain (5, 30) . They are also in agreement with a prior analysis that mapped a determinant of HBV infectivity in the first 77 residues of pre-S1 (29). 
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TLM is not essential for HDV infectivity in HepaRG cells. Recent studies proposed that a discrete domain referred to as TLM, located at the C terminus of pre-S2, would be essential for infectivity of duck HBV (DHBV) and HBV (42) . However, as mentioned above, this hypothesis is in conflict with the conclusion of a prior study demonstrating that HBV infectivity was not affected by internal deletions in the pre-S2 region of L-HBsAg. To specifically evaluate the role of TLM in HDV infectivity, we produced HDV particles bearing S-HBsAg and ⌬TLM L-HBsAg (devoid of M-HBsAg). Supernatants from virus-producing cells were examined for the presence of HDV particles by SDS-PAGE and immunoblotting for the detection of envelope proteins and by agarose gel electrophoresis and Northern blotting for detection of HDV RNA. As shown in Fig. 4A , wt and mutant HDV particles displayed identical characteristics in terms of HBV envelope proteins and HDV RNA content.
Each preparation was adjusted to 10 8 ge/ml, and 1 ml was inoculated into HepaRG cells in the presence of 5% PEG. The HepaRG cells were harvested at day 8 postinoculation and analyzed for the presence of genomic and antigenomic HDV RNAs. As shown in Fig. 4B , ⌬TLM HDV infected the HepaRG cells with an efficiency estimated at 75% of that of the wt HDV. We concluded that TLM is not essential for infectivity of HDV in HepaRG cells under the conditions utilized in this experiment, i.e., in the presence of PEG at the time of inoculation.
TLM is not essential for HDV infectivity in HepaRG cells in the absence of PEG. Since PEG has been shown to drastically increase the efficiency of in vitro infection by a still-unknown mechanism (1, 19), we questioned whether the addition of PEG during the inoculation period could have compensated for the absence of a TLM function in the mutant HDV. The infectivity of ⌬TLM HDV was therefore tested in the absence of PEG during inoculation. To ensure an efficient infection in the absence of PEG, we used inocula containing a high concentration of viral particles (approximately 16 ϫ 10 8 ge/ml). For a precise evaluation of infectivity, preparations of mutant and wt virions were serially diluted (twofold), and each dilution was inoculated into HepaRG cells. As shown in Fig. 5 , wt and ⌬TLM HDV particles were similarly infectious, as evidenced by the detection of HDV RNA in equivalent amounts in HepaRG cells exposed to wt or mutant particles. Measurement of the intracellular antigenomic HDV RNA at day 8 postinfection was achieved by quantification of the radioactive signals with the phosphorimager. Overall, we calculated the infectivity of ⌬TLM HDV in the absence of PEG at 75% of that of the wt, a value identical to the one estimated in the presence of PEG.
TLM is not essential for HDV infectivity in primary cultures of human hepatocytes. We sought to assay the infectivity of ⌬TLM HDV particles in primary cultures of human hepatocytes to ascertain that the results obtained in HepaRG cells were not specific to the particular cell line. Primary cultures of human hepatocytes (2 ϫ 10 6 cells/flask) were inoculated with 2 ml of wt and ⌬TLM HDV particles containing approximately 2 ϫ 10 8 ge, either in the absence or in the presence of 5% PEG. At day 9 postinoculation, cells were harvested and analyzed for the presence of HDV RNA. Figure 6 shows evidence of an efficient infection with recombinant ⌬TLM HDV. In the presence or absence of PEG at inoculation time, the infectivity of ⌬TLM particles was estimated at 70% of that of the wt. This value was not significantly different from the one obtained with the HepaRG cells.
Whether to consider the average difference between ⌬TLM and wt HDV (30%) as significant is questionable, since we observed that ⌬TLM L-HBsAg was expressed at a level slightly lower than that of its wt counterpart (Fig. 4A ). This would translate into a preparation of ⌬TLM HDV particles presenting a reduced proportion of L-HBsAg in the envelope (i.e., reduced infectivity). Overall, our data clearly demonstrate that the 149-to-160 sequence of pre-S2, previously described as a TLM crucial for HBV infectivity, is dispensable for the HDV entry process. TLM is not essential for HBV infectivity in HepaRG cells. To directly assay the TLM activity at the surface of HBV particles, we produced recombinant HBV virions (devoid of M-HBsAg) bearing ⌬TLM L-HBsAg. For the production of wt and mutant SL HBV particles, Huh-7 cells were transfected with pCIHBenv(Ϫ), p123, and p124 (or a ⌬TLM derivative).
As a noninfectious HBV control, we prepared particles in which wt L-HBsAg was replaced with a ⌬26-30 L-HBsAg, a mutant carrying a deletion in the pre-S1 receptor binding site and hence deficient in viral entry (Fig. 3) . Supernatants from virus-producing Huh-7 cells were adjusted to approximately 1.5 ϫ 10 7 ge/ml. This quantification was achieved by precipitating mature HBV virions from cell culture fluids with an anti-pre-S1 antibody and testing the precipitate for viral DNA by Southern blot analysis as described previously (3) . Note that the anti-pre-S1 antibody was raised in rabbits against a synthetic peptide specific for the 83-to-106 amino acid sequence (D genotype, ayw3 subtype) and therefore capable of reacting with ⌬TLM and ⌬26-30 L-HBsAg mutants. Inocula normalized for their HBV DNA titers were assayed for viral envelope proteins by SDS-PAGE and immunoblotting and for HBV DNA as described above. Figure 7A shows that wt and mutant L-HBsAg had equivalent efficiencies for HBV virion production.
HepaRG cells (3.3 ϫ 10 5 /well) were inoculated with 1.5 ϫ 10 7 ge of HBV virions, and cells were harvested at day 9 postinoculation for detection of de novo-synthesized HBV mRNA as a marker of infection. As shown in Fig. 7B , viral mRNA was detected in cells exposed to ⌬TLM HBV particles at levels similar to those observed for wt HBV. As expected, ⌬26-30 HBV was noninfectious. The efficiency of ⌬TLM HBV infectivity was evaluated at 136% of that of the wt, based on measurement of mRNA-specific signals by phosphorimager and normalization to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA. We considered a 30% difference between wt and ⌬TLM HBV nonsignificant, since the HBV DNA content of ⌬TLM inoculum was still 24% above that of the wt after normalization (Fig. 7A) .
Large deletions encompassing the pre-S1 and pre-S2 domains are tolerated for HDV infectivity. To further investigate the role of pre-S2 at viral entry, we constructed a set of four L-HBsAg mutants carrying large deletions (80 to 153, 97 to 153, 107 to 153, and 115 to 153) extending upstream to the pre-S1 domain. Production of HDV virions bearing S-HBsAg and mutant L-HBsAg was achieved as described above. Supernatants of transfected cells were analyzed for the presence of both envelope proteins and HDV RNA. As shown in Fig. 8A , envelope proteins and viral RNA were detected at similar levels in wt and mutant HDV particles. Note that the distance of the L-HBsAg mutants' migration directly correlated with the size of the deletion, except for ⌬80-153, which displayed a migration pattern slower than expected. When envelope protein extracts were treated with PNGase F prior to SDS-PAGE and subsequent immunoblotting, the migration of the unglycosylated ⌬80-153 L-HBsAg mutant was as expected, indicating that the protein had undergone an additional glycosylation at Asn-4 in pre-S1, as previously reported (31) . In addition, when Asn-4 of ⌬80-153 was mutated to Gln, the resulting N4Q ⌬80-153 proteins presented the expected migration profile in SDS-PAGE (i.e., the unglycosylated and monoglycosylated forms) (data not shown). The fact that the levels of ⌬83-153 and ⌬97-153 proteins appeared lower than that of the wt is likely due to an incomplete transfer to the PVDF membrane in the immunoblotting procedure, because when the samples were treated with PNGase F prior to SDS-PAGE, all mutant and wt proteins were detected at similar levels (Fig. 8A) . Gly- 
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cosylation at Asn-4 does not occur on the wt polypeptide, because the pre-S domain is not directly translocated in the endoplasmic reticulum lumen upon synthesis, and therefore, Asn-4 glycosylation may reflect the occurrence of a rapid translocation of the ⌬80-153 pre-S domain. Prior to infection assays, supernatants from transfected cells were adjusted to approximately 10 8 ge/ml, and 1 ml was added to 3.3 ϫ 10 5 HepaRG cells in a 20-mm-diameter well. Cells were harvested at day 8 postinoculation before being assayed for the presence of intracellular HDV RNA (Fig. 8B) . HDV mutants carrying the deletion ⌬115-153 demonstrated a near-wt level of infectivity, whereas a significant decrease in HDV RNA was observed in cells inoculated with virions carrying larger L-HBsAg deletions. The failure to detect any evidence of infection for the ⌬80-153 HDV mutant could be explained either by the requirement for a minimal distance between the pre-S1 receptor-binding domain and the first transmembrane domain (TMD1) of L-HBsAg, by the presence of an N-linked glycan on Asn-4 of pre-S1, or by a lack of myristoylation at glycine 2 (see Discussion). The progressive loss of infectivity that is observed when the pre-S2 deletion is extended upstream of residue 107 in the pre-S1 region (compare mutants ⌬115-153, ⌬107-153, and ⌬97-153) is likely to result from the size of the deletion rather than from the removal of a functional motif, since as shown in Fig. 3 , there are no specific amino acid sequence requirements for infectivity between residues 75 and 111 of L-HBsAg.
DISCUSSION
In the present study, we demonstrate that pre-S1 infectivity determinants are confined to the N-terminal 75 amino acid residues. Previous observations assigned to this region a receptor-binding activity mediated by the N-terminal 48 amino acids in which the myristoyl anchor linked to glycine 2 participates (2, 18) . The function of amino acids 49 to 75 is unclear; they may pertain to the stabilization of the interaction with the receptor or to an intramolecular masking of the receptorbinding site at a prebinding stage (18, 46) .
Our results ruled out the presence of infectivity determi- nants in the cytoplasmic anchorage domain between amino acids 70 and 94 (31) and in the matrix domain (amino acids 92 to 113). However, our analysis of the pre-S1 deletion mutants was conducted on HDV particles, the morphogenesis of which does not require an interaction of the L-HBsAg-borne matrix domain with the HDV RNP. It remains possible that in the case of HBV, the matrix domain, which is assumed to bind the nucleocapsid within Dane particles, might be instrumental at viral entry by controlling the intracellular release of the nucleocapsid at a postattachment step.
The failure of the ⌬80-153 mutant to provide infectivity was surprising, considering that the deletion overlaps a domain devoid of any amino acid sequence requirements for function at viral entry (this study). This defect could result from insufficient spacing between the N-terminal receptor binding domain and TMD1 of the S domain. In support of this interpretation is the fact that increasing the size of the deletion in pre-S1/preS-2 from ⌬115-153 to ⌬107-153 to ⌬97-153 correlated with a progressive loss of infectivity (Fig. 8) . With regard analysis with a mixture of rabbit anti-S and anti-preS2 antibodies (1:500 dilution each). Signals are from 1 ml of supernatant. HBV virions were immunoprecipitated from the culture fluids of transfected cells using anti-pre-S1 antibodies, and viral DNA was extracted from the precipitate using the QIAamp DNA Mini Kit. Purified DNA was subjected to electrophoresis through a 1% agarose gel, transfer to a positively charged nylon membrane, and hybridization to a 32 P-labeled RNA specific for detection of negative-strand HBV DNA. Signals are from 1 ml of supernatant. (B) HepaRG cells (3.3 ϫ 10 5 cells/20-mmdiameter well) were inoculated with 1 ml of inoculum containing approximately 1.5 ϫ 10 7 ge. Cells were harvested at day 12 postinoculation, and mRNAs were purified and assayed by Northern blot analysis using a 32 P-labeled RNA specific for detection of HBV mRNA and a probe specific for detection of GAPDH mRNA (as a loading control). Signals are from 1. 6 Huh-7 cells with 1 g each of pSVLD3, p123, and p124 (or mutant derivatives) plasmids. (A) Culture fluids from transfected cells were harvested, and particles were concentrated and assayed for the presence of HBV envelope proteins before and after incubation with PNGase F as indicated. After SDS-PAGE and transfer to a PVDF membrane, the proteins were probed with a mixture of rabbit anti-S and anti-pre-S1 antibodies (1:500 dilution each). Signals are from 1 ml of culture medium. RNA was extracted from the clarified supernatant, subjected to electrophoresis, and analyzed by Northern blotting using a 32 P-labeled RNA probe specific for detection of genomic HDV RNA. Signals are from 70 l of supernatant. (B) Prior to infection assays, supernatants were normalized to approximately 10 8 ge/ml, and 1 ml of each preparation was inoculated into 3. to ⌬80-153, we showed evidence of its glycosylation at Asn-4, which might exert an adverse effect at viral entry by interfering with receptor attachment. Glycosylation at Asn-4 also indicates that the pre-S1 domain of ⌬80-153 undergoes a rapid posttranslational translocation that would be incompatible with its acylation at glycine 2 by cytosolic N-myristoyl transferase. In fact, the lack of an N-terminal myristoyl anchor would be sufficient to abrogate infectivity. In an attempt to better understand the phenotype of this mutant, we substituted a glutamine for Asn-4 in the ⌬80-153 mutant to prevent glycosylation while leaving the myristoylation signal unaffected, but we observed no restoration of infectivity as a consequence of the mutation. Unfortunately, a role of the N-linked carbohydrates could not be ruled out, because in a control experiment with a full-length L-HBsAg mutant carrying a glutamine in place of Asn-4, infectivity was lost (data not shown), indicating that the Asn-4 side chain is important. With regard to the pre-S2 domain, we first questioned the relevance of a TLM function for viral entry because of conflicting data published in the literature. A study conducted by Le Seyec et al. (30) demonstrated that HBV virions presenting internal deletions in pre-S2 of L-HBsAg were fully infectious. In contrast, a more recent study by Stoeckl et al. (42) showed that lesions in the TLM of the DHBV envelope protein interfered with in vitro infectivity, leading the authors to ascribe to the TLM a crucial function in the entry pathway of all hepadnaviruses. We also questioned the function of the TLM because its sequence, PLSSIFSRIGDP, (D genotype, ayw3 subtype) is not conserved in the large envelope protein of the closely related woolly monkey HBV (28) . In fact, the woolly monkey HBV TLM sequence, TTSSSFSTTGVP, is not even predicted to adopt the amphipathic alpha-helical profile that is supposedly responsible for the membrane translocation activity engaged in at viral entry (42) . In theory, the conflicting reports mentioned above could be reconciled if one considers that Le Seyec's study was performed with HBV particles coated with wt M-HBsAg in addition to TLM-deficient LHBsAg, because in that case, there was a remote possibility that a TLM function could have been provided by the wt M-HBsAg. In the present study, infections were conducted using particles lacking M-HBsAg, and the results clearly indicate that TLM is of no relevance to infectivity. This is sustained by several complementary experiments in the HBV and HDV models; however, it may not apply to DHBV, the pre-S domain of which includes two separate TLMs and shares limited amino acid sequence homology with its HBV counterpart.
Together with previous reports, our analysis helps to refine the infectivity determinants of the HBV envelope proteins. (i) Infectivity requires only the S-and L-HBsAg proteins in the viral envelope. (ii) Pre-S1 is central to the entry process, and the N-terminal 75 amino acid residues bear all the amino acids sequence requirements for activity, including the receptorbinding function. (iii) The S domain of S-HBsAg and/or LHBsAg contains a determinant located in the AGL, which is likely to govern the disassembly of the viral envelope at a postbinding step (24) . No function could be assigned to cytosolic loops I and II or to the carbohydrates linked to Asn-146 in the AGL (3, 43) . (iv) Based on the present analysis, there seems to be a requirement for a minimal distance between the pre-S1 binding site and the downstream TMD1. (v) There is evidence for a potential fusion peptide within TMD1 of the DHBV large envelope protein (11) and, to a lesser extent, within TMD1 of L-HBsAg, but for the latter, a fusion activity at viral entry remains to be demonstrated (32, 39, 40) .
Considering that additional determinants may lie within the C terminus of the S domain, for which no investigation has been carried out, the HBV entry pathway appears already complex and possibly involves several receptors, as in the case of hepatitis C virus (13) . Obviously the identification of cellular receptors for HBV would help to sort determinants that mediate receptor binding from those responsible for membrane fusion (or breaching) or dismantling of the viral envelope. The present findings, the recent developments in the identification of cellular receptor candidates (14) , and the demonstration of the potent inhibition activity of pre-S1-specific lipopeptides hold considerable promise for our general understanding of the HBV entry pathway and for the development of a new class of antiviral molecules (2, 15, 17) .
